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The core of the gp120 glycoprotein from human immunodeficiency virus type 1 (HIV-1) is comprised of three
major structural domains: the outer domain, the inner domain, and the bridging sheet. The outer domain is
exposed on the HIV-1 envelope glycoprotein trimer and contains binding surfaces for neutralizing antibodies
such as 2G12, immunoglobulin G1b12, and anti-V3 antibodies. We expressed the outer domain of HIV-1YU2
gp120 as an independent protein, termed OD1. OD1 efficiently bound 2G12 and a large number of anti-V3
antibodies, indicating its structural integrity. Immunochemical studies with OD1 indicated that antibody
responses against the outer domain of the HIV-1 gp120 envelope glycoprotein are rare in HIV-1-infected
human sera that potently neutralize the virus. Surprisingly, such outer-domain-directed antibody responses
are commonly elicited by immunization with recombinant monomeric gp120. Immunization with soluble,
stabilized HIV-1 envelope glycoprotein trimers elicited antibody responses that more closely resembled those
in the sera of HIV-1-infected individuals. These results underscore the qualitatively different humoral immune
responses elicited during natural infection and after gp120 vaccination and help to explain the failure of gp120
as an effective vaccine.

The envelope glycoprotein of human immunodeficiency vi-
rus 1 (HIV-1) is expressed as a gp160 precursor, which is then
proteolytically cleaved into two mature glycoproteins, gp120
and gp41, in the Golgi apparatus (2, 18, 19, 53, 67, 73). On the
virion surface, HIV-1 envelope glycoprotein spikes function as
a trimer of gp120/gp41 heterodimers (13, 20, 38, 52, 61, 69, 75).
Because the envelope glycoproteins are the only viral compo-
nent exposed to the external environment, they represent the
sole legitimate target for neutralizing antibodies. In the context
of a trimer, the gp120 subunits make up the main exposed
surface of an HIV-1 envelope spike and shield most of the
gp41 subunit; thus, the gp120 glycoprotein has been a focus for
vaccine development (9, 35, 36, 72, 73). Recombinant, soluble
monomeric gp120 has been used as the first generation of
candidate immunogens for a prophylactic vaccine against
HIV-1 infection (3, 5, 6, 15, 25, 27, 39, 54, 65, 71; VaxGen,
unpublished data). Although gp120 induces a high level of
antibody responses in animals and humans, these antibodies
typically exhibit only low ability to neutralize HIV-1. Sera from
gp120-immunized subjects sometimes can neutralize a limited
scope of T-cell-adapted strains of HIV-1, which are more sus-
ceptible to neutralization than primary HIV-1 isolates. There-
fore, such vaccine candidates are of limited practical use in
preventing HIV-1 infection, as exemplified by the poor pro-
tective efficacy observed in clinical trials of gp120 (VaxGen,
unpublished). The deficiency of gp120 in eliciting neutralizing

antibodies has several explanations, and studies aimed at un-
derstanding these gp120 properties may be useful for the fu-
ture design of useful vaccines.

Many efforts have been made to improve the immunogenic-
ity of HIV-1 envelope glycoproteins. Soluble trimers of HIV-1
envelope glycoproteins have been designed to better mimic the
native envelope spikes of HIV-1 (12, 59, 74–76, 78, 79). Ho-
mogeneous and stable soluble trimers, including the ectodo-
mains of gp120 and gp41, can be expressed as gp140 fusion
proteins by disrupting the proteolytic cleavage site between
gp120 and gp41 and by fusion with a trimerization domain
from other proteins, e.g., human GCN4 or the T4 bacterio-
phage fibritin. In mice, such trimeric envelope proteins elicit
better neutralizing antibodies against primary isolates of
HIV-1 than monomeric gp120 (78). However, the improve-
ment in breadth and titer of the neutralizing antibodies elicited
by the soluble trimers is still very limited. The exact nature of
antibody responses to immunization with these envelope gly-
coprotein trimers is not well characterized.

Many monoclonal antibodies (MAbs) to the HIV-1 enve-
lope glycoproteins have been derived from naturally infected
humans, as well as from animals immunized with viral enve-
lope glycoproteins (3, 5, 15, 17, 27, 29, 39, 51, 54, 64, 65, 71).
Generally, they can be divided into four categories (43). First,
some MAbs (immunoglobulin G1b12 [IgG1b12], 2G12, and
2F5) can potently neutralize diverse primary HIV-1 isolates
(10, 46, 63). These MAbs are derived from HIV-1-infected
individuals. Second, antibodies targeting the gp120 variable
regions, mainly the V3 and V2 loops, can effectively neutralize
only selected viral strains containing the cognate immuno-
epitopes (4, 8, 22–24, 45, 48, 58, 66). These neutralizing anti-
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bodies are commonly induced during HIV-1 infections and
animal immunizations, but because of their narrow breadth,
they have limited value for vaccine development. Third, some
antibodies directed against the CD4-binding site or CD4-in-
duced gp120 epitopes neutralize primary HIV-1 strains only
weakly but are capable of neutralizing a range of laboratory-
adapted HIV-1 isolates (50, 62, 80). Finally, a large number of
MAbs cannot neutralize HIV-1 even at high concentrations
but nevertheless are able to bind to at least some preparations
of the HIV-1 envelope glycoproteins in vitro (42, 44). Presum-
ably, these antibodies recognize HIV-1 envelope glycoprotein
epitopes not well exposed on the functional, assembled enve-
lope glycoprotein trimers.

The humoral immune response to the envelope glycopro-
teins during natural HIV-1 infection normally results in high
titers of antibodies that are capable of binding the envelope
glycoproteins in vitro. However, antisera from HIV-1-infected
persons are rarely potent in neutralizing primary HIV-1 iso-
lates in vitro (15, 40, 51). Thus, many antibodies naturally
elicited by HIV-1 must have minimal neutralizing ability. An-
tisera from some rare HIV-1-infected individuals potently neu-
tralize a wide spectrum of HIV-1 strains; examples of such sera
include anti-HIV-1#1 and anti-HIV-1#2 (68). Ig preparations
(e.g., HIV-Ig) made from the pooled sera of HIV-1-infected
humans have been shown to neutralize HIV-1 effectively (16a,
47b). The antibody species that render these antisera potently
neutralizing are not well understood.

The primary peptide sequences of the HIV-1 gp120 enve-
lope glycoprotein can be divided into five conserved and five
variable regions (31, 41, 47, 60, 70). Elements of the five con-
served regions compose the structural “core” of gp120. The
five variable regions are highly glycosylated and form surface-
exposed loops, protecting the core from potentially neutraliz-
ing antibodies (72). Antibody elicitation by the gp120 variable
loops may dominate the immune responses against gp120 dur-
ing natural HIV-1 infection and in the context of vaccination.
Although antibodies to the V1/V2 and V3 loops can be neu-
tralizing, their ability to block HIV-1 infection is strain re-
stricted and is therefore of limited value in a prophylactic
context (4, 8, 22–24, 45, 48, 58, 66).

The X-ray crystal structure has been obtained for the gp120
core from two HIV-1 strains, HXBc2 and YU2 (34, 35). The
envelope glycoproteins of HIV-1HXBc2 and HIV-1YU-2 are
vastly different with respect to passage history, coreceptor us-
age, and sensitivity to neutralization by antibodies (37, 81).
Nonetheless, the core structures of these two gp120 glycopro-
teins are almost identical (34). The gp120 core is composed of
an inner domain (ID), an outer domain, and a bridging sheet
(35). The outer domain contains several important immuno-
epitopes on gp120, including those recognized by the 2G12,
IgG1b12, and anti-V3 neutralizing antibodies (72). Unfortu-
nately, most of the exposed surface on the outer domain is
densely covered by glycans and thus poorly immunogenic (73).
All three gp120 core domains contribute to the immuno-
epitopes near the CD4-binding site; features of gp120 that are
thought to contribute to the poor immunogenicity of these
structures are discussed below (62, 72). The ID, in conjunction
with the N and C termini of gp120, functionally interacts with
the gp41 ectodomain, thus maintaining the trimeric structure
of the HIV-1 envelope spike (7, 72, 77). In a native trimer of

HIV-1 envelope glycoproteins, the ID is thought to be buried
inside the spike complex with little potential exposure to anti-
bodies (36). There are several hypothetical reasons why the
presence of the ID in a gp120 monomer might be detrimental
to the elicitation of neutralizing antibodies. First, relative to
the outer domain, the ID is well exposed and has little cover-
age by glycan; therefore, antibodies to the ID with no neutral-
izing potential may dominate the immune response (73). In-
deed, nonneutralizing antibodies against epitopes located
within the ID are among those commonly elicited in HIV-1-
infected persons (14, 32). Second, the gp120 core exhibits con-
formational flexibility and is thought to undergo unfavorable
decreases in entropy upon binding antibodies directed against
the gp120 regions that interact with the viral receptors. The
observed relationship between the binding entropy and neu-
tralizing potency of anti-gp120 antibodies suggests that such
interdomain flexibility represents a viral mechanism that has
evolved to minimize the production of antibodies to the con-
served, exposed gp120 epitopes (33). Finally, the inner and
outer domains in a free gp120 monomer may assume confor-
mations that differ from those found in the native envelope
glycoprotein spikes, possibly leading to the elicitation of
weakly neutralizing or nonneutralizing antibodies.

Here, we express the outer domain of HIV-1 gp120 as an
independent protein and study the antigenicity and immuno-
genicity of this protein.

MATERIALS AND METHODS

Plasmids. The soluble gp140(-/FT) glycoprotein consists of a human CD5
signal peptide, the HIV-1YU2 gp120 with an altered site for proteolytic cleavage,
the gp41 exterior domain, and a trimeric motif from T4 bacteriophage fibritin
(76). The sequences encoding this protein and the HIV-1YU2 gp120 glycoprotein
were codon optimized for expression in mammalian cells and cloned into
pcDNA3.1(Zeo/-) (Invitrogen).

To construct the OD1 expression vector, the coding sequence for amino acids
252 to 482 of the HIV-1YU2 envelope glycoproteins (numbered as in the proto-
typical HIV-1HXBc2 gp160 sequence) was PCR amplified from the codon-opti-
mized gp140(-/FT) expression vector (30). The amplified fragment was inserted
back into the same vector so that the open reading frame read as follows:
MPMGSLAPLATLYLLGMLVASVLA-R252PVVST. . . DNWRS482-Stop. The
open reading frame for the OD1-PADRE protein expression ends as “. . .
DNW480GGAKFVAAGHHHHHH-Stop.” The OD1-�V3-PADRE expression
construct was made by replacing the sequence encoding “. . .PNNNTRKSINIG
PGRALYTTGEIIGDIRQ. . .” in the V3 loop with a sequence encoding a GAG
linker in the OD1-PADRE expression construct. The ID construct was made by
deleting amino acids 252 to 482 and inserting a GAG linker as a replacement in
the codon-optimized gp140(-/FT) expression vector by using a Quik-Change
protocol (Stratagene). The entire coding regions of the above constructs were
sequenced to verify the construction.

Transfection and immunoprecipitation. The env-expressing plasmid was
transfected into 293T cells by using Lipofectamine reagent (Invitrogen) accord-
ing to the manufacturer’s recommendations. Beginning at ca. 24 h after trans-
fection, the cells were labeled with 200 �Ci of [35S]methionine-cysteine each in
5 ml of methionine-cysteine-free medium overnight. The culture medium was
then harvested after centrifugation at 2,500 rpm for 10 min.

For immunoprecipitations, 400 �l of medium was incubated overnight at 4°C
with 3 �l of pooled sera from HIV-1-infected persons or 1 �g of a purified MAb
and 50 �l of protein A-Sepharose (10% [wt/vol] in phosphate-buffered saline
[PBS]; Pharmacia) that had been preincubated with 5% bovine serum albumin in
PBS. After three washes with 1� PBS, the beads were boiled for 5 min in 1�
sodium dodecyl sulfate (SDS) sample buffer with 2% �-mercaptoethanol. The
protein samples were then analyzed on SDS–10% polyacrylamide gels.

Expression of recombinant proteins and immunization of rabbits. The OD1
protein and derivatives were expressed in the S2 Drosophila cells after stable
transfection, as previously described (16). The proteins were secreted into the
cell culture media and then purified by using the C-terminal His6 tags. Briefly,
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the protein was first loaded onto a column of the Ni-NTA Superflow gel (Qiagen,
Inc.). The column was washed with 20 mM imidazole in a buffer of 20 mM
Tris-HCl (pH 7.4)–500 mM NaCl. The bound protein was then eluted with 250
mM imidazole in a buffer of 20 mM Tris-HCl (pH 7.4)–150 mM NaCl. The
protein was concentrated by using Centriprep-10 (Amicon) and quantified by
measurements of optical density at 280 nm (OD280). The final products were
visualized by Coomassie blue staining of an SDS–10% polyacrylamide gel. The
purified proteins were then snap-frozen in a dry ice-ethanol bath and stored at
�80°C.

The HIV-1YU2 gp120 and gp140(-/FT) glycoproteins were stably expressed in
CHO-K1 cells. The proteins were secreted into protein-free medium (ProCHO5-
CDM; BioWhittaker, Inc.) in suspension cultures. After concentration with Pel-
licon-2-100K microfilters (Millipore, Inc.), the protein was sequentially loaded
onto 15 ml of Ni-NTA Superflow gel four times. The resulting gel batches were
combined and loaded into a column and washed with 20 mM imidazole in a
buffer of 20 mM Tris-HCl (pH 7.4)–500 mM NaCl. The bound protein was then
eluted with 250 mM imidazole in a buffer of 20 mM Tris-HCl (pH 7.4)–150 mM
NaCl. The protein was then concentrated to 2 to 4 ml by using Centriprep-30
(Amicon) and loaded on a Superose-6 column (26/100; Pharmacia) and eluted
with 20 mM Tris-HCl (pH 7.4)–150 mM NaCl. The proteins at apparent molec-
ular masses of �178 kDa for the gp120 monomer and �630 kDa for the gp140(-/
FT) trimer were harvested. After snap-freezing on dry ice-ethanol and storage at
�80°C, the proteins were visualized by Coomassie blue staining of a SDS–10%
polyacrylamide gel.

Four New Zealand White rabbits in a group were immunized with each of the
purified proteins described above. One week prior to immunization, serum
samples were harvested from each rabbit to serve as baseline controls. Each
rabbit was injected with 120 �g of protein in 1 ml of 1� Ribi adjuvant
(MPL�TDM�CWS; Sigma) subcutaneously at 10 sites three times at 3-week
intervals. Two weeks after the third injection, serum samples were again har-
vested, processed, and stored in the same fashion as the preimmunization sam-
ples.

ELISA for anti-V3 antibody binding to OD1. Binding of human monoclonal
anti-V3 antibodies to the OD1 protein was determined by enzyme-linked immu-
nosorbent assay (ELISA) (22). Briefly, the OD1 protein at a concentration of 1
�g/ml was coated onto ELISA plates overnight at 4°C, blocked for 1 h at 37°C
with 2% bovine serum albumin in PBS and then washed with 0.05% Tween
20–PBS. The MAbs were added at 1:10 serial dilutions starting at 10 �g/ml,
followed by incubation for 1.5 h at 37°C. Plates were washed and, for the
detection of bound antibodies, alkaline phosphatase-conjugated goat anti-human
IgG (Zymed, San Francisco) was added for 1.5 h at 37°C. After a washing step,
the substrate p-nitrophenyl phosphate in 10% diethanolamine was added for 30
min to develop color, and plates were read at 410 nm.

ELISA for measuring antibody responses in sera from immunized rabbits or
HIV-1-infected humans. HIV-Ig (NABI Biopharmaceuticals, Boca Raton, Fla.)
(16a) was kindly provided by the AIDS Research and Reference Reagent Pro-
gram as lyophilized powder and reconstituted in 1� PBS to 50 mg of protein/ml.
The anti-HIV-1#1 and anti-HIV-1#2 sera were provided by the AIDS Research
and Reference Reagent Program in a frozen state.

To measure the overall antibody responses in the sera of immunized rabbits or
HIV-1-infected humans, a standard ELISA was performed as previously de-
scribed (78). Briefly, 96-well EIA/RIA plates (Costar) were coated with 2 �g of
either the OD1 protein, the monomeric gp120 protein, or the trimeric gp140(-/
FT) glycoprotein/ml in 1� PBS at 4°C overnight. After four washes with 0.2%
Tween 20–PBS, the plates were blocked with 1� SuperBlocker (Pierce) at room
temperature for 90 min. The antisera were first diluted in 1� PBS, and 1:5 serial
dilutions were then prepared. After four washes of the plates, 100 �l of the
diluted sera was added to each well, followed by incubation at room temperature
for 1 h. The detecting antibody was anti-rabbit IgG conjugated with horseradish
peroxidase (Sigma) or anti-human-Fc-horseradish peroxidase (Sigma) at 1:2,000
dilutions. The bound signal was quantified with a TMB substrate kit (Bio-Rad).
The OD450 values were measured, and the mean OD450 value obtained from four
wells without the antigen coating was subtracted as background. To perform the
antibody adsorption by the designated proteins, the diluted sera were first incu-
bated with 100 �g of the OD1 or gp120 protein/ml at 37°C for 1 h. and then the
antibody-protein mixtures were assayed by the above-described ELISA.

Neutralization in a single-round infection assay. Recombinant HIV-1 encod-
ing luciferase and pseudotyped with the HIV-1 envelope glycoproteins was pro-
duced as previously described (28). Briefly, 293T cells in 100-mm tissue culture
dishes were cotransfected by the Lipofectamine reagents with 2 �g of pSVIIIenv
plasmid expressing the HIV-1 envelope glycoprotein variants, 2 �g of the pCMV-
PACK plasmid expressing the Gag/Pol and Tat proteins of HIV-1, and 6 �g of
pHIV-1-Luc, which expresses an HIV-1 vector with a firefly luciferase reporter

gene. Two days after transfection, the recombinant virions in the cell superna-
tants were harvested and quantitated by measuring the reverse transcriptase
activity by [3H]TTP incorporation. Approximately 6 � 103 Cf2Th-CD4/CCR5
cells were seeded into each well of a 96-well luciferase assay plate (EG&G
Wallac) and then cultured overnight at 37°C with 5% CO2. For each assay, 300
reverse transcriptase units of the virus stock were added to each well of the target
cells, and the cells were cultured for another 48 h and then lysed and used for
measurement of luciferase activity. For neutralization assays, the antisera or
their dilutions were first mixed with 300 reverse transcriptase units of the virus
stock and incubated at 37°C with 5% CO2 for 4 h before being added to the
target cells. Pilot studies indicated that a 4-h incubation of sera and viruses
resulted in optimal sensitivity for the detection of neutralizing activity (data not
shown). The neutralizing activity was judged by comparing the residual infectivity
of the target viruses incubated with a given antiserum with that of viruses
incubated with the preimmune serum from the same individual rabbit. A 50%
reduction of residual infectivity by an antiserum compared to its preimmune
serum control was considered significant.

RESULTS

Expression of the outer domain of gp120 as an independent
protein. Two antiparallel strands composed of gp120 amino
acid residues 251 to 260 (. . .251IRPVVSTQLL260. . .) and 470
to 474 (. . .470GGGD474. . .) connect the inner and outer do-
mains (34). The outer domain constructed in the present study
includes the gp120 sequence from “252RPVVS. . .” to
“. . .DNWRS482” fused to the carboxyl terminus of the signal
sequence of human CD5. This protein is designated outer
domain 1 (OD1). The open reading frame encoding OD1 was
expressed under the control of a CMV-IE promoter in the
pcDNA3.1(Zeo/-) expression vector (Invitrogen).

We also attempted to express the complementary portion of
the HIV-1 envelope glycoproteins that remains after the re-
moval of the outer domain. This construct, the ID, was made
in the context of a stabilized, soluble gp140 trimer, gp140(-/FT)
(76). Stable, soluble gp140 trimers result from alteration of the
proteolytic cleavage site between gp120 and gp41 and carboxy-
terminal fusion of the ectodomain of gp41 with a trimeric motif
from T4 bacteriophage fibritin. The ID consists of gp140(-/FT)
from which amino acids 252 to 482 were deleted. The bound-
aries of the OD1 and ID constructs are depicted in Fig. 1.

OD1 was transiently expressed in 293T cells and immuno-
precipitated with pooled sera from HIV-1-infected persons.
OD1 appeared as a 55-kDa band and a broad smear secreted
into the cell culture medium. These forms of OD1 could be
efficiently deglycosylated by a mixture of endoglycosidases
(Fig. 2, right panel). Therefore, the various species of OD1
observed represent glycosylation variants of the protein.

When coexpressed with the ID, the faster-migrating, pre-
sumably less-glycosylated, forms of OD1 were less abundant
than when OD1 was transfected alone (Fig. 2, left panel). The
ID protein itself was expressed at very low level and was de-
tectable after a much longer exposure of the SDS-polyacryl-
amide gel electrophoresis gel described above (data not
shown). Because the immunoprecipitation was performed with
a mixture of different antisera, allowing detection of all species
of HIV-1 envelope glycoproteins, these results suggest that
interactions between the OD1 and ID proteins resulted in
more complete glycosylation of the OD1 protein.

We made a construct that expressed the ID protein with a
wild-type gp120/gp41 cleavage site and the transmembrane
domain and the first 7 amino acids from the gp41 cytoplasmic
tail, termed ID�CT. Although, like the ID protein, ID�CT
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facilitated OD1 glycosylation, it did not cooperate with OD1 to
mediate viral entry of a pseudotyped luciferase reporter HIV-1
or envelope-mediated cell-cell fusion (data not shown).

Antigenic composition of the OD1 protein. We evaluated the
integrity of conformation-dependent gp120 epitopes on the

OD1 protein by immunoprecipitation with MAbs. The 2G12
antibody, which recognizes a carbohydrate epitope on the
gp120 outer domain, immunoprecipitated the OD1 proteins
very efficiently (Fig. 3) (63). The 39F MAb (kindly donated by
J. Robinson, Tulane University), which binds the gp120 V3
loop, preferentially precipitated the more heavily glycosylated
form of OD1. Although the major binding surface for the
IgG1b12 MAb has been mapped to the outer domain (49, 56),
IgG1b12 did not detectably precipitate the OD1 protein (Fig.
3). The OD1 protein did not bind to the CD4 receptor, as
judged by coprecipitation with a soluble CD4-Ig fusion protein
(data not shown). In addition, the MAbs F105 and F91 di-
rected against the CD4-binding site, the 17b and 48d MAbs
directed against the CCR5-binding site, the A32 MAb directed
against C1/C4 regions, and the C11 MAb directed against the
C1/C5 regions did not precipitate OD1 (data not shown).

To evaluate the structural integrity of the V3 loop on the
OD1 protein further, the OD1 protein was expressed in Dro-
sophila S2 cells and purified by using a His6 tag at its carboxyl
terminus. The OD1 protein was then tested for the ability to
bind various anti-V3 antibodies in an ELISA format. These
anti-V3 antibodies had been selected by using intact HIV-
1SF162 gp120 or synthetic V3 peptides and had been previously
characterized for ability to neutralize viral infectivity (21, 22).
The OD1 protein bound most of the V3 MAbs selected with
native gp120 (Fig. 4A); these MAbs generally exhibit more
potent HIV-1-neutralizing activity (21). Interestingly, OD1
also bound MAbs that were selected by synthetic V3 peptides
and had some neutralizing capability (Fig. 4B, red curves). In
contrast, the binding of OD1 to MAbs that were similarly
selected but lacked neutralizing ability was generally weaker
(Fig. 4B, blue curves). The binding pattern observed for OD1
was almost identical to that of intact HIV-1SF162 gp120 (21),
indicating that the V3 loop of OD1 structurally resembles that
of the native gp120 glycoprotein.

The OD1 protein induced antibody responses in rabbits.
The immunogenicity of the purified OD1 protein in rabbits was
compared to that of the full-length HIV-1YU2 gp120 glycopro-
tein. Previous studies indicated that, as an immunogen, the
HIV-1YU2 gp120 core is deficient in Th2-helper epitopes. Fu-
sion of a Pan-reactive epitope for HLA-DR (PADRE) se-

FIG. 1. Schematic illustration of the OD1 and ID proteins. The C�
tracing of the gp120 core of HIV-1YU2 is derived from the structure of
the CD4-gp120 core-17b Fab complex (35). The gp120 core structures
comprising the OD1 protein are colored yellow; the hypothetical lo-
cation of the V3 loop, which is missing from the gp120 core, is shown.
The ID protein (red) includes the ID of the gp120 core and the gp120
V1/V2 loops (not shown), the C1 and C5 regions that are not in the
gp120 core, and the gp41 ectodomain.

FIG. 2. Expression of OD1 proteins in 293T cells. 293T cells trans-
fected with a total of 10 �g of envelope glycoprotein expression plas-
mids were radiolabeled with [35S]cysteine-methionine, and the super-
natants were incubated with a mixture of sera from HIV-1-infected
persons (P.S.). The precipitates were analyzed on SDS–10% polyacryl-
amide gels. For OD1 and ID coexpression, 5 �g of each expressor
plasmid DNA was transfected. Different species of the OD1 proteins
are labeled on the right, and the molecular mass markers are indicated
on the left. For deglycosylation, the protein-antibody-Protein A-agar-
ose beads were boiled for 5 min in 1� sample buffer without �-mer-
captoethanol. After incubation on ice for a few minutes, 500 U of
PNGase F (New England Biolabs) and 0.5 mU of O-glycosidase
(Boehringer Mannheim) were added to each sample, followed by in-
cubation for 30 min in a 37°C water bath. The sample was boiled for 5
min before loading on a SDS–10% polyacrylamide gel.

FIG. 3. Binding of MAbs to OD1. Immunoprecipitations of radio-
labeled supernatants of transfected 293T cells were performed as in
the Fig. 2 legend with either 3 �l of pooled sera from HIV-1-infected
persons (P.S.) or 1 �g of purified MAbs.
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quence (1) with the gp120 core has been shown to increase its
immunogenicity (C. Grundner et al., unpublished results).
Thus, to attempt to enhance OD1’s immunogenicity, a
PADRE sequence was introduced between the C terminus of
OD1 and the His6 tag. Furthermore, to evaluate the contribu-
tion of V3 to OD1’s immunogenicity, the V3 loop was deleted
from the OD1-PADRE construct and replaced with a glycine-
alanine-glycine linker sequence. All of the proteins were ex-
pressed in Drosophila S2 cells and purified by using the His6 tag
(Fig. 5). Although complex carbohydrates are not added to
proteins synthesized in insect cells, the glycosylation of the
OD1 protein produced in the Drosophila cells allowed native
folding and efficient recognition by the 2G12 antibody (data
not shown). Each protein was mixed with 1� Ribi adjuvant
(Sigma) and inoculated into four rabbits. The reactivities of the
elicited antibody response to OD1 and to the HIV-1 gp120
glycoprotein were assessed by an ELISA. When OD1 itself was
used as the detecting antigen in the assay, all three forms of
OD1 could be shown to induce significant antibody responses
in the immunized rabbits (Fig. 6A). Notably, the OD1-PADRE
protein induced antibody responses to levels close to those of
the gp120 controls, whereas the OD1 and OD1-�V3-PADRE
proteins induced lower levels of antibody responses in rabbits.
The titers of antibodies in the sera that could bind to the
full-length HIV-1YU2 gp120 glycoprotein were also measured.
Sera from rabbits immunized with the OD1-PADRE had titers
of antibodies that were capable of binding gp120 at levels close
to those of rabbits immunized with the monomeric gp120 pro-
tein (Fig. 6B). By comparison, the antibody responses to the
full-length gp120 glycoprotein in the animals immunized with
the OD1 and OD1-�V3-PADRE proteins were less impres-
sive.

The sera described above were first heat inactivated and
then tested for HIV-1-neutralizing activity. To measure neu-

tralizing ability, 1:10 and 1:40 serum dilutions were incubated
with luciferase reporter viruses containing HIV-1KB9 and HIV-
1YU2 envelope glycoproteins at 37°C for 4 h. The residual viral
infectivities were then measured in a single-round entry assay.
As a control, preimmune serum of each individual rabbit was
tested in parallel against each virus. Similar to gp120, all three
forms of OD1-based immunogens did not induce detectable
levels of neutralizing antibodies to either HIV-1KB9 or HIV-
1YU2 (data not shown). To test whether OD1 proteins might
have utility in priming effective neutralizing antibody re-
sponses, two groups of rabbits were injected with either OD1-
PADRE or OD1-�V3-PADRE three times, followed by a
booster injection of the soluble gp140(-/FT) trimer of HIV-
1JRFL. The sera from these animals did not demonstrate sig-
nificant neutralizing activity against HIV-1KB9 or HIV-1YU2

either (data not shown).
Strong antibody responses against the outer domain in rab-

bits immunized with monomeric gp120. Monomeric gp120 has
been shown to elicit high titers of antibodies that are capable
of binding the gp120 glycoprotein and are able to neutralize
some selected T-cell-line-adapted HIV-1 strains in vitro (3, 5,
6, 15, 25, 27, 39, 54, 65, 71; VaxGen, unpublished). Such anti-
body responses are generally not able to neutralize primary
HIV-1 isolates, which are the target for vaccines effective
against HIV-1 infection in the field. Our experience with gp120
as an immunogen in rabbits is consistent with these properties
(26). To better understand the gp120-induced antibody re-
sponses qualitatively and quantitatively, we used a competitive
ELISA to measure the OD1-reactive antibodies in the sera of
gp120-immunized rabbits. Serial dilutions of these sera were
incubated with 100 �g of the OD1 protein/ml at 37°C for 1 h
prior to ELISA measurements. The ELISA plates were coated
with either OD1 or gp120. As a positive control, the OD1-
specific antibodies from the target sera were effectively com-

FIG. 4. Binding of human anti-V3 MAbs to the OD1 protein. (A and B) The human MAbs tested were originally selected either with a
V3JR-CSF-fusion protein (V3-FP) or gp120LAI (MAbs 694/98 and 1334) (A) or with V3 peptides representing the strains HIV-1MN and HIV-1RF
(B). The curves in red represent antibodies with 50% neutralizing activity against HIV-1SF162, and those in blue represent antibodies that achieved
	50% neutralization of the same isolate (21). The curves for the negative control antibody, which is directed against the parvovirus B19 protein,
are shown in green.
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peted by the addition of 100 �g of the OD1 protein/ml (Fig.
7A, solid and broken blue lines). About 80% of the gp120-
reactive antibodies in the sera from three of the four gp120-
immunized rabbits could be adsorbed by the OD1 protein. The
OD1 protein adsorbed a substantial amount of the gp120-
reactive antibodies in the serum from the fourth animal. Most
of the OD1-specific antibody responses in these rabbits were
against the protein elements of gp120, because incubation with
the OD1 protein that was deglycosylated by treatment with
PNGase F (New England Biolabs) (Fig. 7B) was also able to
compete the OD1-specific antibodies from the sera of the four
gp120-immunized rabbits (Fig. 7C). Surprisingly, the OD1-
specific antibodies in the gp120-immunized rabbit sera were
largely directed against elements other than the V3 loop; this
was indirectly demonstrated by the efficient adsorption of the
gp120-binding antibodies by the OD1-�V3-PADRE protein
(Fig. 7D). Of note, the V3 loop in a percentage of the gp120
immunogen used in the present study was cleaved at the . . .NI
GPGR314/ALYT. . . sequence, as determined by mass spec-

trometry and peptide sequencing, during protein expression in
CHO-K1 cells (data not shown). This might reduce the immu-
nogenicity of the V3 loop in such preparations of the mono-
meric gp120 immunogen.

Profile of antibody responses to soluble gp140(-/FT) trim-
ers. Fusion with trimeric motifs of GCN4 or T4 bacterio-
phage fibritin has been shown to improve the stability of
cleavage-defective HIV-1 envelope glycoprotein trimers (74,
76). These trimeric preparations can induce neutralizing
antibodies against primary HIV-1 isolates more efficiently
than monomeric gp120 immunogens (78). In the present
study, we expressed the fibritin-stabilized soluble trimers of
the HIV-1YU2 envelope glycoproteins, gp140(-/FT), in
CHO-K1 suspension cells and purified the trimers by using
a His6 tag at the carboxyl terminus of the envelope glycop-
rotein. The resulting protein was further purified by size-
exclusion chromatography. When analyzed by Coomassie
blue staining of an SDS–10% polyacrylamide gel, the ma-
jority of the gp140(-/FT) protein migrated as a 410-kDa
band, a finding consistent with the expected behavior of a
trimer (Fig. 5). A minor portion of this protein had an
apparent molecular mass of �360 kDa, a finding consistent
with a trimer made of underglycosylated gp140 envelope
glycoproteins. A small fraction of this protein exhibited
cleavage in the V3 loop (data not shown). Four rabbits were
immunized with this preparation of the HIV-1YU2 gp140(-/FT)
trimers. The sera from these immunized rabbits demonstrated
little capability to neutralize HIV-1YU2 or HIV-1KB9, which are
very neutralization-resistant primary isolates, in a single-round
entry assay (data not shown). Nonetheless, we sought to examine
the immune response to the envelope glycoprotein components
of the soluble trimeric preparations. We used the competitive
ELISA described above to measure the antibody responses
against the gp120 subunit and the gp120 outer domain in the
rabbits immunized with the gp140(-/FT) glycoprotein. As a con-
trol, incubation with the OD1 protein effectively competed for the
OD1-specific antibodies in these serum samples (Fig. 8, solid
versus broken blue lines). Similarly, incubation with the mono-
meric gp120 protein effectively competed for the gp120-specific
antibodies in the same sera (Fig. 8). Surprisingly, incubation with
the gp120 or OD1 proteins failed to adsorb significant levels of
antibodies that were capable of binding the trimeric gp140(-/FT)
glycoprotein in the ELISA format (Fig. 8, solid versus broken
green lines). Interestingly, preincubation with the OD1 protein
had only a mild effect on the gp120-binding antibodies in three of
the four sera and a moderate reduction of that in the fourth
sample (Fig. 8). These results suggest that a large portion of the
antibodies elicited by soluble, stabilized gp140(-/FT) trimers are
not able to recognize either monomeric gp120 or OD1.

Characterization of antibody responses in potently neutral-
izing sera from HIV-1-infected individuals. We wanted to ex-
amine the antibody responses to the HIV-1 envelope glyco-
proteins in the sera of HIV-1-infected individuals that
generated potent neutralizing antibodies. HIV-Ig has been
prepared from the plasma of HIV-1-infected individuals
(NABI Biopharmaceuticals) (16a). HIV-1-neutralizing sera 1
and 2 (anti-HIV-1#1 and anti-HIV-1#2, respectively) were
pooled from separate bleeds of individual HIV-1-infected peo-
ple (16). All three reagents have been shown to neutralize
several primary HIV-1 strains. In a pilot experiment, HIV-Ig

FIG. 5. Expression and purification of recombinant envelope gly-
coproteins. The OD1, OD1-PADRE, and OD1-�V3-PADRE proteins
were stably expressed in Drosophila S2 cells and purified by using the
C-terminal His6 tags. The gp120 and gp140(-/FT) glycoproteins were
expressed in CHO-K1 cell clones selected for high-level expression.
The proteins were first purified by a nickel affinity column and then by
size exclusion chromatography. The purified proteins were quantified
by OD280 measurements and snap-frozen on dry ice-ethanol. The pro-
teins were added to 1� SDS sample buffer without boiling, run on a
10% SDS-polyacrylamide gel, and visualized by Coomassie blue stain-
ing. The OD1, OD1-PADRE, and OD1-�V3-PADRE proteins exhib-
ited the same pattern of migration after being boiled in sample buffer
with 2% �-mercaptoethanol (data not shown).
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and anti-HIV-1#2 effectively neutralized HIV-1YU2, whereas
all three reagents efficiently neutralized HIV-1HXBc2 in a sin-
gle-round entry assay (data not shown). Neutralizing concen-
trations of the three reagents (1:50, 1:200, and 1:800 dilutions
of HIV-Ig, anti-HIV-1#1, and anti-HIV-1#2, respectively)
were then incubated with 100 �g of the OD1 protein/ml at
37°C for 1 h and tested for the ability to neutralize the
HIV-1YU2 and HIV-1HXBC2 luciferase reporter viruses. Prein-
cubation with OD1 had no detrimental effect on the neutral-
izing potency of these three reagents against HIV-1 (data not
shown).

To evaluate the antibody responses against the HIV-1 en-
velope glycoproteins in the HIV-Ig and anti-HIV-1#1 and
anti-HIV-1#2 sera, we measured the antibody titers specific
for the outer domain in comparison with the total antibody
titers to an intact gp120 monomer or a trimeric gp140(-/FT)
glycoprotein. Antibodies specific for OD1 were detected in all
three reagents but at relatively low titers. Furthermore, prein-
cubation with a high concentration (100 �g/ml) of the OD1
protein did not significantly compete for antibodies capable of
binding the gp140(-/FT) glycoprotein (Fig. 9, solid green lines
and circles versus broken green lines and triangles). As a con-
trol, incubation with the OD1 protein completely adsorbed the
OD1-specific antibodies in the same three reagents (Fig. 9,
solid and dashed blue lines). Strikingly, preincubation with 100
�g of the OD1 protein/ml exerted minimal effects on the bind-
ing of antibodies to captured monomeric gp120 (Fig. 9, solid
and dashed red lines). Apparently, antibodies specific for the
gp120 outer domain were poorly represented in these potently
neutralizing reagents. Interestingly, preincubation with 100 �g
of the monomeric gp120/ml only slightly reduced the reactivity
of HIV-Ig, anti-HIV-1#1, and anti-HIV-1#2 with the gp140(-/
FT) envelope glycoprotein trimer. As a control, incubation

with gp120 completely adsorbed the gp120-specific antibodies
from the same reagents (Fig. 9).

DISCUSSION

The outer domain of the HIV-1YU2 gp120 glycoprotein was
expressed as an independent protein, OD1. The OD1 protein
was precipitated by the 2G12 MAb, which recognizes an array
of carbohydrates on the gp120 outer domain (11, 55, 57, 63).
The OD1 protein was also recognized by a large number of
antibodies directed against the gp120 V3 loop; many of these
antibodies have been shown to recognize conformation-depen-
dent V3 loop epitopes (21). The pattern of binding of this
panel of anti-V3 antibodies to OD1 closely resembled that
seen for the native gp120 glycoprotein. These observations
suggest that the structure of the OD1 protein closely mimics
that of the outer domain in the native gp120 glycoprotein.
Thus, the recombinant OD1 protein should be useful in struc-
tural studies designed to characterize the 2G12 epitope and the
conformation of the V3 loop.

The OD1 protein and its derivatives failed to induce anti-
bodies capable of neutralizing primary HIV-1 isolates, such as
HIV-1KB9 and HIV-1YU2. The OD1 protein did not adsorb the
HIV-1-neutralizing antibodies from HIV-Ig or from two well-
characterized sera from HIV-1-infected individuals (68).
Moreover, the titer of antibodies specific for the outer domain
was relatively low in these reagents, even when only the anti-
gp120 antibodies were examined. These observations support
the notion that the heavily glycosylated portion of the gp120
outer domain, which is potentially accessible to antibodies on
the native HIV-1 envelope glycoprotein trimer, is poorly im-
munogenic.

Interestingly, high titers of antibodies specific for the gp120

FIG. 6. Binding of immunized rabbit sera to the OD1 protein or the HIV-1YU2 gp120 glycoprotein. Four New Zealand White rabbits in each
group were immunized with the purified proteins indicated in the legend. Rabbits were immunized with 120 �g of protein in 1� Ribi adjuvant
(Sigma) three times, and serum samples were harvested at 2 weeks after the last injection. Serial dilution of the antisera is indicated on the x axis.
The captured antigen on the ELISA plates was either the purified OD1 glycoprotein (A) or the purified HIV-1YU2 gp120 glycoprotein (B).
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outer domain were observed in sera from rabbits immunized
with a monomeric gp120 glycoprotein, in stark contrast to the
low abundance of antibodies specific for the gp120 outer do-
main in HIV-Ig, anti-HIV-1#1 and anti-HIV-1#2. A signifi-
cant portion of the gp120-reactive antibodies in the sera of
gp120-immunized rabbits could be adsorbed by the OD1 pro-

tein. These observations suggest that immunization with gp120
results in the elicitation of outer-domain-reactive antibodies.
Adsorption experiments with deglycosylated or V3 loop-de-
leted versions of OD1 suggest that many of these antibodies
are directed against protein elements of the outer domain
other than the V3 loop. Since the HIV-1-neutralizing activity

FIG. 8. Profiles of antibody responses in rabbits immunized with the trimeric gp140(-/FT) glycoprotein. Four rabbits were immunized with 120
�g of the purified gp140(-/FT) glycoprotein three times and serum samples were harvested 2 weeks after the last injection. The serum antibodies
were measured by an ELISA with the OD1 protein (blue lines), the gp120 glycoprotein (red lines), or the gp140(-/FT) glycoprotein (green lines)
as detecting antigens. In some experiments, the antisera were incubated with 100 �g of the OD1 protein (‚) or the purified gp120 protein (�)/ml
at 37°C for 1 h, and the glycoprotein-antiserum mixture was then tested in the ELISA (dashed lines).

FIG. 7. Profiles of antibody responses in rabbits immunized with monomeric gp120 glycoprotein. Four rabbits were immunized with 120 �g
of the purified HIV-1YU2 gp120 glycoprotein three times, and serum samples were harvested 2 weeks after the last injection. The antibodies in
immunized rabbit sera were detected by an ELISA with the OD1 protein (blue lines) or the gp120 glycoprotein (red lines) as detecting antigen.
In one set of experiments, the rabbit antisera were first incubated with 100 �g of the OD1 protein (A), the deglycosylated OD1 proteins (C), or
the OD1-�V3-PADRE protein (D)/ml, and the glycoprotein-serum mixture was tested in the ELISA by using either the OD1 or gp120 protein
as the detecting antigen. (B) To deglycosylate the OD1 protein, 600 �g of the OD1 protein was incubated with 5 �l of PNGase F (New England
Biolabs) in 1� G7 buffer at 37°C overnight. Then, 5 �g of the deglycosylated OD1 protein was run on a SDS–14% polyacrylamide gel and visualized
after Coomassie blue staining. The experiments shown in panel C, in which the deglycosylated OD1 was added to sera, were conducted on ice to
inhibit PNGase F activity.
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in the sera of animals immunized with gp120 and OD1 is poor,
it appears that most of the elicited outer-domain-reactive an-
tibodies are undesirable. The strong correlation between anti-
body binding to the HIV-1 envelope glycoprotein trimers on
the virion surface and neutralization raises the possibility that
the elicited antibodies are directed to outer domain elements
not accessible on the assembled trimer. The extreme confor-
mational flexibility of the free gp120 glycoprotein (33, 47a)
could result in the exposure of such elements; thus, interdo-
main movement may cause gp120 to resemble its disassembled
domains as an immunogen. The resulting misdirection of an-
tibody responses to outer domain elements could contribute to
the ineffectiveness of monomeric gp120 as a vaccine.

Soluble, stabilized trimeric gp140 glycoproteins elicit
HIV-1-neutralizing antibodies more efficiently than mono-
meric gp120 glycoproteins (78). In contrast to the antibodies
elicited in rabbits by gp120, the antibody response to the
soluble gp140(-/FT) protein in rabbits exhibited less outer
domain reactivity. The OD1 protein adsorbed little of the
gp140-reactive or gp120-reactive antibodies elicited by the
soluble gp140(-/FT) trimers. Of note, even the complete
gp120 glycoprotein competed only poorly for the gp140-
reactive antibodies elicited by these trimeric protein prep-
arations. The antibody profiles elicited in response to solu-
ble gp140(-/FT) resembled those in HIV-Ig and the potently
neutralizing sera from HIV-1-infected individuals. The
gp140-reactive antibodies elicited by soluble, stabilized tri-
mers and during natural infection may be directed against
gp120 epitopes that preferentially exist in envelope glycop-
rotein trimers or, alternatively or in addition, against gp41
epitopes. Since the neutralizing antibody response to solu-
ble gp140(-/FT) is weaker than those in the potently neu-
tralizing human serum preparations, some of the antibodies
elicited by these soluble trimers may be directed against
epitopes not well represented on the virion-associated en-
velope glycoproteins. Nonetheless, the resemblance of the
antibody reactivity patterns in soluble gp140(-/FT)-immu-
nized animals and HIV-1-infected humans hints that the
expression of soluble, stabilized trimers is a step in the right
direction toward a vaccine that can elicit effective neutral-
izing antibodies.
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FIG. 9. Profiles of antibodies in HIV-Ig and potently neutralizing
sera from HIV-1-infected persons. Antibodies in HIV-Ig and sera
(anti-HIV-1#1 and anti-HIV-1#2) from HIV-1-infected persons re-
active with the OD1 protein (blue lines), the gp120 monomer (red
lines), and the gp140(-/FT) trimer (green lines) were measured in an
ELISA. In some experiments, 100 �g of the OD1 protein/ml was used
to adsorb the OD1-specific antibodies from the antibodies reactive
with the gp120 or gp140(-/FT) proteins (dashed lines with “‚”). Sim-

ilarly, 100 �g of the purified gp120 protein/ml was used to adsorb
antibodies from the pool of gp140(-/FT)-reactive specific antibodies
(dashed lines with “�”). The experiments were done twice, and similar
results were achieved; the data shown are from a single set of exper-
iments.
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